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The mechanical properties of consolidated granular media are strongly affected by large
temperature changes which induce the development and localization of stresses, leading in turn to
damage, e.g., cracking. In this work, we study the evolution of linear and nonlinear elasticity
parameters when increasing the temperature of the thermal loading process. We prove the
existence of a link between linear and nonlinear elasticity properties. We show that the change of
the nonlinear elasticity parameters with the increase in the thermal loading is larger at the lower
temperatures than the corresponding change for the linear parameters, suggesting that nonlinear
elasticity can be exploited for early thermal damage detection and characterization in consolidated
granular media. We finally show the influence of grain size upon the thermal damage evolution
with the loading temperature and how this evolution is mirrored by the nonlinear elasticity
parameters.VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4801801]
I. INTRODUCTION
Consolidated granular media, both natural (rocks) or
man-made (building materials, e.g., concrete, and ceramics
produced by sintering), exhibit a complicated, nonlinear
elastic behavior. The observed phenomenology includes hys-
teresis in the stress-strain constitutive equation,1–3 excitation
amplitude-dependent resonance frequencies,4–6 the genera-
tion of harmonics,7 the loss of validity of the superposition8,9
and reciprocity10 principles, and conditioning/relaxation
phenomena.11–14
Nonlinear elasticity parameters measured in various types
of experiments are very sensitive to changes in the microstruc-
ture, including changes due to damage processes, e.g., crack-
ing. Therefore, nonlinear elasticity measurements have been
exploited for non-destructive detection and characterization of
the microstructural evolution due to both intrinsic proc-
esses15,16 and damage-related ones.17,18 In the case of concrete,
for instance, the evolution of nonlinear elastic properties has
been exploited for studying mechanical,19 corrosion-related,20
and alkali silica reaction-related6,21–24 cracking.
Thermal expansion-related cracking is a very common
damage process in consolidated granular media such as con-
crete, where it is either due to the development of tempera-
ture gradients caused by the exothermal hydration reactions
occurring during hardening and/or by “thermal loading”
from the boundaries (gradients created from the outside), for
example, in special infrastructures such as nuclear power
plants or nuclear waste repositories.
The evolution of the microstructure in the presence of
large spatial-temporal thermal gradients needs to be detected
and characterized for improving models of the material’s
mechanical response and of its evolution in correspondence
of different thermal loadings.25–28 Together with the model-
ing improvement, the experimental detection of thermal
damage in the early stages, when, e.g., cracks are not yet
visible on the surface of the sample, is of paramount impor-
tance for preventive intervention.
Thermal expansion-related cracking usually occurs due
to the development of highly heterogeneous stress fields in
correspondence of temperature increases. Such cracking and
the consequent changes in the macroscopic linear/nonlinear
elastic behavior of a sample are functions of several physical
parameters.
The first important parameters are the number of phases
composing the material and the degree of heterogeneity in
their thermo-mechanical properties. The spatial heterogene-
ity of the thermal expansion stresses is a direct consequence
of the thermo-mechanical spatial heterogeneity.29
Other relevant parameters in thermal cracking are geo-
metrical ones related with the microstructure. Computational
modeling shows that thermal cracking is strongly dependent
upon the spatial arrangement of the inclusions, their shape
(all identical, e.g., spheres, or irregular, e.g., polygons), size
and size distribution (monodisperse or polydisperse inclu-
sions).30 Thermal stresses tend to concentrate in regions of
the matrix most closely surrounded by inclusions. In those
regions, the stresses achieve larger values than in more
“open” regions.30 Given an identical inclusion spatial
arrangement, identical inclusion shape and similar levels of
heterogeneity, a larger inclusion size leads on average to
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smaller inter-inclusion distances, thus to larger thermal
stresses when the temperature is increased.30
The size of the inclusions within the matrix of a com-
posite medium may have an influence on the thermal crack-
ing process not only because of its effects on the average
inter-inclusion distance. Experiments about drying shrink-
age, a process similar to thermal cracking due to the
inclusion-related restraining mechanisms at play, performed
by Bisschop and Van Mier with model cement-based compo-
sites, showed that the total cumulative length and depth of
the cracking network increased with the aggregate size.31
The environmental conditions during the sample prepa-
ration and development (consolidation for rocks, setting and
hardening for concrete) strongly affect the microstructure ge-
ometry as well, for example, by influencing the degree of
generation of air voids, cracks, and interfaces.
In this work, we investigate the evolution of the linear
and nonlinear elastic behaviors with the magnitude of the
thermal load (temperature achieved), adopting cementitious
materials as models of consolidated granular media.
A cement-based material can be thought of as a compli-
cated multi-phase composite. Cement-based materials are
made of grains (inclusions), called aggregates, embedded in
a matrix (cement as a binder). The mechanical and thermal
properties of both components (aggregates and hydrated
cement) are highly spatially heterogeneous. This is due to
the heterogeneity of the matrix, composed of different hydra-
tion phases, porosity and air inclusions, and heterogeneity of
the aggregates. The advantage in using cement-based materi-
als as model systems is the possibility of producing them in
the laboratory with a large degree of design and control of
physical and geometrical properties.
The two main parameters we investigated in this study
are the aggregate size and method of mixing, the latter
leading to different amounts of air inclusions within the
matrix.
The development of large and localized stresses in
cement-based materials during thermal loading is not only
related to thermal expansion but also to shrinkage induced
by chemical processes occurring at high temperatures,
mainly dehydration. Dehydration comes with radical micro-
structural changes which, on one side, contribute even more
to create spatial and material heterogeneity, on the other side
lead to shrinkage processes that contribute to the cracking as
well.
The sample preparation and the thermal loading protocols
are described in Sec. II. The results of the linear/nonlinear
elasticity measurements, at different stages of the thermal
loading protocols, are presented in Sec. III. The relevance of
the results for the characterization of thermal cracking in a
non-destructive fashion is discussed in Sec. IV.
II. EXPERIMENTAL CAMPAIGN
A. Sample preparation
We used mortar samples of size 25  25  100mm3
(height, width, and length, respectively) as model systems of
consolidated granular materials. Mortar is analogous to con-
crete except for the use of small size (below 4mm) rock
aggregates, mixed together with water and cement. The sam-
ples were all cast at the same time. They were all prepared
with the same mixture design except for the aggregate size
range and the type of mixing.
The used cement was ordinary Portland cement (CEM I
42.5N). The aggregate used was alluvial sand from
Switzerland, with well-rounded particles and dry density of
2659 kgm3. The amount of aggregates in the mortar was
about 40% by volume, corresponding to a cement-to-aggre-
gate ratio (c/a) by mass fraction of 0.917. Deionized water
was used as mixing water in an amount corresponding to a
water-to-cement ratio (w/c) of 0.3 by mass (including the
superplasticizer, see below).
Relatively low w/c allows obtaining mortar with high
mechanical strength and low fluid permeability. A similar
mortar produced with the same w/c and with the same
amount and type of aggregates achieved a compressive
strength of 88MPa and a Young modulus in compression of
34GPa after 28 days of maturing in sealed conditions.32
Due to a low w/c and a high amount of solids (cement
and aggregates), a liquid polycarboxylate-based superplasti-
cizer (SIKA VC 3082) was added to mixing water in an
amount of 0.5% by cement weight. This allowed obtaining
better workability of the mixture.
We prepared a total of eight specimens of equal size and
equal c/a. Four of them had aggregates with size in the range
0:251mm. The remaining four specimens were prepared
with aggregates in the range 14mm. For each aggregate
size range, we realized two samples with a standard open-air
mixer (planetary mixer of 5 l volume by Hobart), while the
remaining two were made with a vacuum mixer (Twister
Evolution of 0:5 l volume by Renfert).
When mixing is performed in contact with the normal
room environment, air bubbles are naturally entrapped in the
mixture, resulting in large (from a few 10 to 100 lm) spheri-
cal air voids in an average amount of about 1%–3% of hard-
ened mortar volume. We observed large spherical air voids
with diameter up to about 1 mm by optical microscopy of
polished cross-sections from samples of the same size and
prepared with open-air mixing.
Vacuum mixing, performed in our case at nominal pres-
sures of 870 mbar, allows for decreasing the number of such
large air voids. For each sample type, we estimated the air
void volume fraction by the method described in Appendix A.
Samples prepared with open-air mixing had an air void aver-
age volume fraction of 1.38% and 1.57%, respectively, in
correspondence of the smaller and larger aggregates. Samples
prepared with the vacuum mixing had air void average vol-
ume fraction of 0.43% and 0.34%, again for smaller and
larger aggregates, respectively. Air voids may be either bene-
ficial or not depending upon the aimed material properties.
For instance, they reduce the compressive strength and the
Young modulus.
After mixing and casting, the samples were left initially
for 1 day in a climatic chamber at relative humidity (RH)
95% and temperature of 2060:5 C, then they were
unmolded, sealed with plastic envelopes, and moved into
another climatic chamber at 206 0:5 C and 90%6 5% RH
for further curing. The total curing time was 1 month, before
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the start of the thermal loading protocol and the respective
measurements described in Sec. II B.
After the 1 month-long curing, the eight samples were
finally sorted out and labelled according to a three-field
code, where the first field indicates the mixing technique
(A¼ open-air, V¼Vacuum), the second field denotes the
higher limit of the aggregate size range (1 or 4 mm), and
finally, the third field identifies the specimen (a or b).
B. Experimental procedure
We performed measurements on the samples described
in Sec. II A in their initial (“intact”) state, at room tempera-
ture, and after each thermal loading step. Each thermal load-
ing step lasted 3 h. The oven was pre-heated before starting
the loading step. After heating, the samples were let cool
down for 24 h in indoor environment, at ambient temperature
ranging from 15 C to 26 C and at room RH (not moni-
tored). The measurements were then performed within 1 h.
After measuring, we moved back the samples to the oven for
the next step. The piezoelectric transducers for the measure-
ments were removed from the specimens after each measure-
ment and before each next thermal loading step, so as not to
damage them. Then they were attached again, after the sam-
ple cooling, for the subsequent ultrasonic measurement
session.
Temperatures of 120 C, 180 C, and 350 C were cho-
sen for the successive thermal loading steps. At such temper-
atures, the mortar undergoes different microstructural
changes. At the lower temperatures (around 100 C), the free
water is lost from the pores and dehydration of some of the
hydration products, e.g., ettringite, takes place. At tempera-
tures around 350 C, the majority of the principal hydration
product, calcium-silicate-hydrates (C-S-H), is fully
dehydrated.33,34
Dehydration leads to shrinkage. Together with the
increase and localization of internal stresses due to thermal
expansion, shrinkage is a source of cracking. In addition, we
expect that cracking occurred as well after each thermal
loading step, before performing the measurements on the
samples, as a consequence of the cooling down to room tem-
perature and the associated thermal contraction.
During each thermal loading step, the temperature was
kept approximately constant, with fluctuations of the order
of 65

C during the whole duration of the step. Thermal
loading was always repeated twice, successively, at the same
temperature (except at 350 C) before moving to the next
step.
At the end of each step, after the cooling, we performed
linear and nonlinear elasticity measurements based upon ul-
trasonic pulse transmission.
Two piezoceramic, longitudinal ultrasonic transducers
of the same type (Dakel MTR 15), one acting as emitter and
the other as receiver, were attached to the opposite ends,
along the longitudinal dimension, using phenyl-salycilate as
a coupling agent. The transducers have a diameter of 25 mm
and a flat frequency response in the range 50550 kHz. The
emitter, connected to a waveform generator via a 20, fixed
gain, broadband (DC up to about 1MHz) linear amplifier,
was used to inject pulses into the samples.
We used two types of input waveforms: bursts
(Fig. 1(a)), i.e., sinusoidal pulses composed of 10 cycles at
central frequency  ¼ 200 kHz and repetition frequency of
1Hz, for the nonlinear elasticity measurements, and short
(1 ls-long) pulses at a repetition rate of 50Hz for the linear
measurements.
The pulses were transmitted through the samples along
the longitudinal dimension (approx. 100mm travel path).
After each thermal loading step and the following cooling
down to room temperature, the pulse transmission measure-
ments were repeated. The linearity of the whole measure-
ment system was carefully tested before performing the
ultrasonic experiments. The nonlinear elasticity measure-
ments consisted in injecting the sinusoidal bursts in corre-
spondence of 15 increasing amplitudes of excitation (ranging
between 2V and 200V, after the fixed-gain amplification),
while the linear measurements were performed at a single
excitation amplitude (1V).
The excitation, propagating through the sample, was
recorded by the receiver and transferred to a digitizing oscil-
loscope (Agilent Infiniium DSO8064A) used for data acqui-
sition. The sampling rate was set to 10MS=s, thus providing
sufficient data points in one period for the data analysis. The
recorded signals were 0:5ms long. Only a small (initial) part
of the recorded signals was used for the data analysis. Data
acquisition was repeated 10 times for each pulse injection, at
each excitation amplitude. The recorded signals were aver-
aged to reduce noise effects. In principle, such averaging
could be negatively affected by conditioning effects taking
place between the last and the first measurements. However,
as shown by Gliozzi et al.,13 conditioning in concrete is not
instantaneous. Several pulses of the form used here are
needed to provide appreciable effects on the measurements
of the scaling subtraction method (SSM) indicator. We have
calculated the SSM indicator as well for each of the 10 sig-
nals corresponding to each excitation amplitude. We have
observed only slightly differences and absolutely no trend in
the overall behavior, thus confirming that eventual condition-
ing effects fall below the noise level.
FIG. 1. Source (a) and output signals (b) and (c) in correspondence of the
lowest excitation amplitude during the nonlinear elasticity measurements on
sample A1a. The signal in (b) is before the first thermal loading step at
120 C, while the one in (c) after.
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Examples of averaged recorded signals during the non-
linear measurements are shown in Figs. 1(b) and 1(c), for the
sample A1a, respectively, before and after the first thermal
loading step at 120 C. The remarkable change in the wave-
form from the intact state to the one after the first thermal
loading step is mostly due to cracking and other microstruc-
tural changes related with a combination of thermal deforma-
tions, dehydration, and drying shrinkage.
1. Linear elasticity measurements: Time-Of-Flight
The linear elasticity measurements on each sample, after
each thermal loading step, were performed at low excitation
amplitude in order to induce as less as possible nonlinear
elastic effects. These measurements were indirect and con-
sisted in estimating the travel time (Time-Of-Flight, TOF) of
the first arrival of the short pulse transmitted from one side
to the other of the sample. Such TOF, Dt, is
Dt ¼ L 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q
K þ 2
3
 G
vuut ; (1)
where L is the sample length, q its mass density, and K and
G the linear bulk and shear elastic moduli, respectively. For
each pulse transmission, the TOF was measured directly on
the recorded signal as the first time instant when the signal
increases above the noise level.
2. Nonlinear elasticity measurements: The scaling
subtraction method
We used the ultrasound pulse transmission measure-
ments at multiple, increasing excitation amplitudes for the
determination and characterization of the nonlinear elastic
response of the samples after each thermal loading step. The
nonlinear elastic response relates with the damage level. The
data analysis was performed entirely in the time domain,
using the SSM,8,9 in order to take full advantage of an opti-
mal nonlinear-to-linear signal ratio.35 This method is based
on the loss of amplitude proportionality between the input
and output signals. It differs from other nonlinear elasticity
techniques belonging to the class of nonlinear elastic wave
spectroscopy (NEWS) for exploiting the full nonlinear elas-
tic frequency response of a damaged sample.8,9
Many NEWS techniques consist in exciting a sample
with one or more high amplitude harmonic waves and in ana-
lysing the frequency spectrum of the signal due to the wave
propagation. As a consequence of the nonlinear elastic
behavior, the output signal’s spectrum contains more fre-
quencies than those of the excitation signals.17 In such
NEWS techniques, the nonlinear elastic effects on the propa-
gated wave component at the same central frequency(ies) as
the excitation(s) are not taken into consideration. These
effects, in the form of amplitude dependence of the wave
phase velocity and wave attenuation, are taken into account
by the SSM method. They provide the SSM method with
higher sensitivity to changes in the nonlinear elastic response
than what achieved with other NEWS methods, where higher
order harmonics or nonlinear wave mixing components have
usually low amplitudes and their changes with the nonlinear
elastic response may be difficult to detect.
We indicate with viðtÞ; 8 i ¼ 1; :::; 15, the signal
recorded by the receiver in correspondence of the increasing
excitation amplitude Ai, after a certain thermal loading step.
The data analysis with these signals proceeds as follows:
1. For each excitation amplitude of the source signal, a refer-
ence, linear signal is defined as vrefi ðtÞ ¼ AiA1  v1ðtÞ; the
working hypothesis here is that the lowest excitation
amplitude is small enough not to excite the nonlinearity
of the sample; thus, the reference signal would correspond
to the response of the sample excited at amplitude Ai if it
was perfectly linear elastic.
2. For each excitation amplitude of the source signal, a
“nonlinear response signal” is calculated as wiðtÞ
¼ viðtÞ  vrefi ðtÞ.
3. For each excitation amplitude Ai, 8 i ¼ 1; :::; 15, the
maxima xi and hi of the absolute value of the output and
nonlinear signals (viðtÞ and wiðtÞ), respectively, are cal-
culated within a short time window after the first pulse
arrival; hi is then plotted vs xi and the curve is best fitted
with a power law function of the type hi ¼ a  ðxiÞb. The
best fit parameter a essentially estimates the “strength”
or “magnitude” of the nonlinear elastic response, while
the parameter b is more related with the type.8,9 The
choice of a power law function is suggested by experi-
mental observations and analytical models showing dif-
ferent scaling relationships existing between variables
estimating the nonlinear elastic response (“nonlinear
elastic indicators”) and variables estimating the linear
elastic one, at increasing excitation amplitudes. For
example, the amplitude of the nonlinearly generated
higher order harmonics (nonlinear indicator) usually
scales with the amplitude of the strain wave (linear indi-
cator), being the power law exponent dependent upon the
harmonic order and the type of nonlinear elastic behav-
ior.17 The variable h is used in this work as the nonlinear
elastic indicator.
In Fig. 2, the procedure is illustrated for sample V4b
after thermal loading at 120 C. Figure 2(a) shows the output
signal viðtÞ (solid red line) and the corresponding reference
signal, vrefi ðtÞ (dashed blue), in correspondence of the ith
excitation amplitude, Ai, with i¼ 8 and Ai ¼ 120V. The dif-
ferences between the two output signals can be hardly appre-
ciated. However, when considering the nonlinear signal wi
(Fig. 2(b)), its well defined waveform clearly emerges from
the noise level. Note that the nonlinear signal manifests itself
only for high excitation amplitudes, as it should be expected.
Finally, as shown in Fig. 2(c), the nonlinear indicator h
increases nonlinearly as a function of the maximum of the
output signal x. In the adopted dB (20  Log) scales, a straight
line can be observed, indication of a power law behavior
(here the exponent is b ¼ 2:02). We remark that a shift of
such a power law curve towards the left corresponds to an
increase in the value of the power law best fit parameter a,
i.e., an increase in the “magnitude” of the nonlinear elastic
response. Points corresponding to the lowest excitation
amplitudes are not fitted well since they are known to be
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influenced by noise effects and therefore cannot be related to
the sample nonlinearity.35
III. RESULTS
A. Aggregate size
In Fig. 3, we show the effects of the aggregate size on
the thermal damage as mirrored by the nonlinear elastic
behavior of the samples. We consider there two samples
produced by open-air mixing and thermally loaded with the
prescribed protocol: one with large aggregates (Fig. 3(a));
the other with small ones (Fig. 3(b)).
First of all, it is important to notice the significant nonli-
nearity manifested by the intact samples themselves, in both
cases (circles). As mentioned in Sec. II B 2, a power law-like
relationship between h and x, with a power law exponent
greater than 1, as in Fig. 3, indicates a nonlinear elastic
behavior.
In both plots, we observe that for the largest excitation
amplitude the nonlinear signal amplitude is only about 12 dB
lower than the recorded output signal. Thus, the SSM
method, as expected, allows to achieve a significant nonlin-
ear-to-linear signal ratio. Such ratio can be simply calculated
in correspondence of each excitation amplitude
Ai; 8 i ¼ 1; :::; 15, as the difference between the h value and
the x value in the dB scales used for the plots in Fig. 3.
The two samples exhibit a very similar scaling between
h and x, with a slightly larger attenuation for the large aggre-
gate sample. Indeed, the received signals for the larger
aggregate samples have amplitude in general smaller than
the amplitude of the corresponding signals for the smaller
aggregate samples. We remark that this effect is independent
of the excitation amplitudes, which were the same for all the
samples. This effect is also manifested for all the loading
steps, therefore cannot be ascribed to accidental variations in
the pulse injection/recovery by the transducers, due to the
possible difference in the transducer coupling. In this regard,
we recall here that the transducers had to be removed and
then reattached at each loading step.
If we consider the evolution of the nonlinear elastic
response with the thermal loading temperature, the two sam-
ples behave differently. In both cases, a thermal load at
120 C does not cause significant changes in the nonlinear
parameters. Likewise, for both samples and for each value of
loading temperature, repeating the thermal load does not
induce significant variations either, thus indicating that cracks
already present after the previous thermal load, at the same
temperature, allow for thermal expansion without the genera-
tion of further large and localized stresses in the samples.
On the contrary, while in the case of samples with large
aggregates, the nonlinear response increases significantly in
magnitude already after heating at 180 C, the first significant
variation in the nonlinear elastic response magnitude is
observed for the samples with small aggregates only when a
temperature of 350 C is achieved.
It is important to note also that the nonlinear-to-linear
signal ratio is much larger in Fig. 3(a) than in Fig. 3(b). For
example, at 350 C and for the largest excitation amplitude,
the ratio h=x is about 1:6 dB for the large aggregate sample
FIG. 2. Example of SSM signals and respective analysis, with the data
recorded for sample V4b after the first thermal load at 120 C. (a) Recorded
output signal (viðtÞ, solid red line) and corresponding reference, “linear”
signal (vrefi ðtÞ, dashed blue line) at the ith excitation amplitude (i¼ 8), in this
case equal to 120V. (b) Nonlinear signal wiðtÞ built from the difference
between the signals of subplot (a). (c) Curve of the nonlinear indicator
h ¼ maxðjwjÞ vs the linear indicator x ¼ maxðjvjÞ. On each axis, the base-10
logarithm of the respective variable, multiplied by 20, is plotted. Each point
in the plot corresponds to a given excitation amplitude. The dashed line is
the power law best fit line of the data.
FIG. 3. Nonlinear indicator h vs the output amplitude x, at increasing
thermal loads. The two variables are expressed in dB (20  Log of the
value). (a) Results for one sample with large aggregates (A4a). (b) Results
for one sample with small aggregates (A1a). Both the considered samples
were produced with open-air mixing. In both plots (a) and (b), the dashed
line represents power law best fits of the curves.
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while it is 4 dB for the small aggregate one. In addition, as
better discussed in Sec. III B, the h vs x curves for all the
samples are roughly parallel in the dB-dB plot, with a slope
close to 2, which means a power law with exponent b¼ 2. It
is worth recalling here that such a value for the power law
exponent provides an indication of hysteretic elasticity, a
specific type of nonlinear elasticity.1 However, at least for
the case of the largest thermal load and for the large aggre-
gate size (right triangles in Fig. 3(a)), the exponent is clearly
higher than 2.
Figure 4 shows the results for all four samples of each
aggregate size. For the sake of clearness of the plots, results
after repetition of the thermal load at the same temperature
are not shown, but, as remarked before, in all cases no signif-
icant variation due to the repetition was observed. In Fig. 4,
a single color is associated to a given sample, while different
symbols are assigned to different thermal loads, as shown in
the legend. In Fig. 4(a), red and magenta symbols refer to
samples prepared with open-air mixing, while blue and green
to samples prepared with vacuum mixing. In Fig. 4(b), red
and green symbols refer to samples prepared with open-air
mixing, while blue and magenta to samples prepared with
vacuum mixing. The high reproducibility of the nonlinear
elastic response evolution for each sample of the same type
is remarkable, thus proving furthermore the absence of any
bias effects associated with the experimental setup and cor-
roborating the significance of the measurements in absolute
terms. As better discussed in Sec. III B, we observe almost
no difference in the nonlinear elastic behavior of samples
with large aggregate size produced with different mixing,
while the samples with small aggregate size and prepared
with open-air mixing exhibit a large increase in the nonlinear
behavior, in correspondence of the increase from 180 C to
350 C.
B. Mixing technique
We consider here the influence of a smaller/larger vol-
ume fraction of air voids on the response to thermal loading.
In Fig. 5, we compare the results for all the samples, again
omitting results referring to repeated measurements at the
same temperature. Data for the open-air mixing and for the
vacuum mixing are reported in Figs. 5(a) and 5(b), respec-
tively. In Fig. 5, curves with the same symbols correspond to
the same thermal load temperature, as reported in the legend.
Results for the two large aggregate samples are in magenta
and red, while blue and cyan symbols refer to small aggre-
gate size. From Fig. 5, we can infer that the mixing produc-
tion technique has no substantial influence on the nonlinear
elastic response of both small and large aggregate size
FIG. 4. Nonlinear indicator h vs the output amplitude x at increasing thermal
loads. (a) Results for all samples with large aggregate size. Magenta and red
symbols refer to samples produced with open-air mixing; blue and green
symbols refer to samples produced with vacuum mixing. (b) Results for all
samples with small aggregate size. Green and red symbols refer to samples
produced with open-air mixing; blue and magenta symbols refer to samples
produced with vacuum mixing. Different symbols represent different ther-
mal loading levels. Curves after the repetition of a thermal loading at the
same temperature are not shown.
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FIG. 5. Nonlinear indicator h vs the output amplitude x at increasing thermal
loads. (a) Results for samples produced with open-air mixing (magenta
and red symbols refer to samples with large aggregate size; blue and cyan
symbols refer to samples with small aggregate size). (b) Results for samples
produced with vacuum mixing (magenta and red symbols refer to samples
with large aggregate size; blue and cyan symbols refer to samples with small
aggregate size). Different symbols represent different thermal loading levels.
Curves after the repetition of a thermal loading at the same temperature are
not shown.
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samples. The only difference between the two datasets
consists in the nonlinear elastic response change of the small
aggregate samples when moving from the damage state at
180 C to the one at 350 C: the samples produced with
vacuum mixing exhibit no significant change while those
produced with open-air a more significant one.
C. Linear elastic measurements
Regarding the linear elastic measurements, we focus
only on the samples with large aggregate size since the non-
linear elastic measurements show that appreciable changes
occur while increasing the loading temperature predomi-
nantly for such samples. In Fig. 6(a), the TOFs are reported
as a function of the thermal loading step temperature. As
mentioned in Sec. II B 1, a TOF increase corresponds to a
decrease in the linear elastic moduli. Figure 6(a) shows that
the linear elastic moduli decrease with the successive ther-
mal loading at increasing temperatures.
IV. DISCUSSION
The results presented in Sec. III allow to conclude that
the aggregate size is a key parameter in controlling the ther-
mal damage evolution, as evinced by the nonlinear elastic
behavior changes with the thermal loading. In particular,
samples with large aggregates tend to manifest a noticeable
increase in the nonlinearity since the very beginning of the
thermal loading process and their nonlinearity evolution with
thermal loading is characterized by gradual, smooth transi-
tions. Conversely, samples with small aggregates display a
more “brittle” behavior in terms of nonlinearity, in the sense
that the nonlinearity due to thermal damage appears only
at larger temperatures, with a sudden transition. Unlike the
aggregate size, the volume fraction of air voids, within the
ranges achieved in this work, does not seem to affect the
nonlinearity evolution as much as the aggregate size does.
The reason for this may consist in the small difference in air
void volume fraction between the two categories of samples,
those produced with the open-air mixing and those with vac-
uum mixing. Air entraining additives should be used to
achieve larger volume fraction values (order of 8%10%).
The decrease in the linear elastic moduli with the load-
ing temperature (Fig. 6(a)) appears to be significant only for
the transition to the highest thermal load. This result indi-
cates that linear elastic moduli have low sensitivity to pro-
gressive damage at the lower temperatures (between 100 C
and 200 C). All of these results are in agreement with others
reported in the literature for granular media.36,37 We notice
that the repeatability of the TOF measurements after the first
and second thermal loads at the same temperature is very
remarkable. The change in TOF is more evident for samples
produced with vacuum mixing (diamond and triangle
symbols).
For the same set of samples, we also calculated the non-
linear-to-linear (NL/L) signal ratio at the largest excitation
amplitude, defined as the maximum of the absolute value of
the nonlinear signal w divided by the maximum of the abso-
lute value of the recorded signal v, reported in Fig. 6(b) in
the same dB scales as used in Figs. 3–5. Finally, we also cal-
culated the exponent of the h vs x power law best fit, reported
in Fig. 6(c). The NL/L ratio increases at successive thermal
loads, with larger increase rate in correspondence of the ini-
tial loads. The increase rate is larger than the TOF one, in
agreement with results reported in the literature.27 This result
indicates that the nonlinear-to-linear signal ratio is another
parameter very sensitive to the initial development of ther-
mal damage, at temperatures just above 100 C.
Even more interesting is the dependence of the power
law exponent on the thermal load. We recall here that the
power law best fit has been performed neglecting in all cases
points corresponding to measurements at low excitation
amplitudes. At low excitation amplitudes, the slope of the
curve is close to 1, thus indicating that noise effects might be
dominant.35 For large and increasing thermal load tempera-
tures, we generally observe an increase of the exponent from
2 to 3. The increase in the exponent value is quite regular,
and it is known to be an indication of microstructural
changes due to the appearance of different nonlinear fea-
tures, such as cracks/joints behaving as clapping interfaces
during the passage of large strain elastic waves.38,39
Figures 6(a) and 6(c) show that both the TOF and the
power law exponent are positively correlated with the loading
temperature. Figure 6(d) shows that the two variables are also
well correlated with each other. However, the rate of increase
with the loading temperature is negatively correlated. With
increasing loading temperature, the TOF undergoes the most
significant changes only at large temperatures, while the
power law exponent exhibits the opposite trend (the largest
increases are achieved for steps already at the lower tempera-
tures). Figure 6(d) thus indicates that linear elasticity
measurements start to exhibit sensitivity to the increase in the
thermal damage only when high temperatures are achieved.
On the contrary, nonlinear elasticity measurements show to
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FIG. 6. Samples with large aggregate size. (a) TOF vs temperature of the
thermal loading (duplicated symbols correspond to the repetition of the load-
ing steps at the same temperature). (b) Nonlinear-to-linear signals ratio (in
dB) vs the temperature of the thermal loading. (c) Exponent of the power
law best fit for the h vs x curves, plotted against the thermal loading temper-
ature. (d) Power law exponent vs TOF. Different symbols refer to different
samples.
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be most sensitive at low temperatures, already below 200 C,
thus at low damage levels.
We remark that we also performed an additional thermal
loading at a higher temperature (650 C). In this case, all the
samples exhibited very large damage expressed on the sur-
face in the form of visible cracks. Such large damage levels
prevented obtaining a reliable coupling between the samples
and the transducers. Thus, although we could not perform
any ultrasonic test, we expect large nonlinearity to be present
and damage to be independent from both aggregate size and
specimen preparation.
Attenuation also deserves attention in the context of ther-
mal damage. Since the excitation amplitudes were always the
same, the amplitude of the output signal expressed in deci-
bels, dB, (the x variable) in Figs. 3–5, conveys information
about attenuation. We note that a decrease of the Q-factor is
evident for the damaged samples and it is quantified as up to
30 dB down in the amplitude of the received signal. We also
expect a significant dependence of the Q-factor from the am-
plitude of excitation, but this analysis is out of the scope of
the work reported here. From the linear elasticity point of
view, we observe that attenuation is almost independent from
the grain size in the intact state but, being linked to damage,
is much different for large and small grain sizes after the suc-
cessive thermal loadings (see Fig. 4). The mixing technique
seems not to have a significant influence on the Q-factor
(see Fig. 5).
V. CONCLUSIONS
The effect of successive, thermal loading steps, at differ-
ent temperatures, on the elastic response of consolidated
granular materials to ultrasound excitation has been analyzed
as a function of grain size and sample preparation; different
sample preparation methods leading to different amounts of
spherical air voids. We chose mortar, a cementitious building
material, as a model system of a consolidated granular
material.
The preparation technique (open-air or vacuum mixing)
seems not to have any significant influence on the material
behavior, since the air void content did not vary significantly.
On the contrary, our results show that the aggregate size is a
very relevant parameter. Samples with large (1–4mm)
aggregates display a large increase in the nonlinear elastic
response during the early stages of the thermal loading, at
the lower temperatures. The nonlinearity evolution with ther-
mal loads is characterized by gradual transitions for samples
with large aggregates. On the contrary, samples with smaller
(0.25–1mm) aggregates show significant changes in the non-
linear elastic response only at larger temperatures, with a
sudden transition when going from 180 C to 350 C.
For the samples with large aggregates, we found a clear
correlation between the exponent of the power law fitting
functions and the measured Time-of-Flight, which we
adopted as a parameter representing linear elastic properties.
Both parameters increase with the successive thermal dam-
age steps, at increasing temperatures. However, while the
Time-of-Flight appreciably increases only in correspondence
at the higher temperatures, the power law exponent exhibits
the larger increase at the lower temperatures. This indicates
that such a nonlinear elastic parameter is very sensitive to
thermal damage occurring already in correspondence of ther-
mal loading at temperatures just above 100 C, while linear
elastic parameters, like linear elastic moduli, seem to be
sensitive only to damage evolution after a certain degree of
damage has already been accumulated.
Our results, obtained by tracking the nonlinear elastic
response evolution with the thermal damage of the same
samples at the different temperatures, confirm those of
Payan et al. obtained on distinct samples damaged at differ-
ent temperatures27 and they suggest the possibility of higher
sensitivity of nonlinear elasticity based-methods in the detec-
tion and characterization of thermal damage already obtained
at low temperatures, just above 100 C.
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APPENDIX A: AIR VOID VOLUME FRACTION
MEASUREMENT
The air void volume fraction was estimated by adapting
the procedure indicated in the German European Standard
protocol nr. DIN EN 480-11. Additional samples of the same
type as used for the thermal damage measurements were pro-
duced following the same procedures described in Sec. II A,
for each aggregate size and with each mixing method. One
sample of each type was chosen from such spare samples.
The sample was halved along its longitudinal direction,
and the internal cross-section, 100mm long, of one half was
polished with sand paper of decreasing roughness. After
polishing, the same half sample was dried in an oven at
50 C for 30min. Then, the internal cross-section surface
was colored with black ink and dried in the same oven for
additional 30min. After drying, the polished and black-
colored surface was covered with talc powder. Talc powder
grains fill in the air voids. The surface was then put in a flat
bed optical scanner to acquire an image of the polished
cross-section with pixel size equal to 10 lm. The recorded
red-green-blue (RGB) image was then binarized via the man-
ual choice of a threshold: pixel values above the threshold
were re-defined as white (talc), and pixel values below the
threshold were re-defined as black. The ratio between the
number of white pixels and the total number of pixels in the
binary image was taken as an estimate of the air void volume
fraction.
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